Abstract: As a non-degradable material showing excellent biological compatibility and mechanical properties, the titanium fiber web (TW) scaffold has been applied in bone regeneration. It is generally accepted that hydroxyapatite (HA) coating accelerates osteoblast maturation and functional activity on the titanium surface. Recently, a thin HA coating using the molecular precursor method was developed, and sufficient apatite coating was achieved inside TW. The aim of the present study was to evaluate the bone-forming capacity using HAcoated TW (HA-TW) in external augmentation. Sintered titanium fiber mesh was processed into a threedimensional scaffold structure with a fiber diameter of approximately 20 μm. The external and internal diameters of TW were 8.0 and 3.7 mm, respectively. The molecular precursor solution was made by mixing Ca-EDTA/ amine ethanol solution and metaphosphate salt, and the Ca/P ratio was adjusted to 1.67. After immersing TW in the solution, it was heated at 600 for 2 hours. Six rabbits were assigned randomly to receive either HA-TW scaffold or TW on each side of the posterior mandible. The 3-mm-long toroidal titanium scaffolds were fitted into the osseous implant. Both TW-and HA-TW-fixed implants were then placed bilaterally with a transverse orientation. The animals were sacrificed at 12 weeks post-surgery, and new bone formation into the porous structure of TW and HA-TW was observed in non-decalcified sections. The newly formed bone rate in the HA-TW was significantly greater than that in the non-coated group (8.33±1.21 vs. 3.43±0.45 %, respectively). Furthermore, the rate of vertical bone regeneration was also significantly different between HA-TW and TW (63±15 vs. 33±8 %). Since the thin HA coating improved bone formation in externally placed TW, HA-TW is potentially useful for external bone augmentation.
I Introduction
Facial contour defects cause marked facial deformity, but can often can be repaired by grafting materials to the surface of the zygoma or orbital rim 1) . Atrophic maxilla and mandible frequently require ridge augmentation for implant placement 2) . Since external bone augmentation is susceptible to soft tissue pressure and muscle function, it is subject to bone resorption and morphological change.
Over the years, several graft materials have been reported in external bone augmentation. The majority of the reports involved both intra-and extra-orally harvested autogenous bone grafts, allografts, or bovine hydroxyapatite (HA) 3, 4) . A large number of studies demonstrated the advantage of the autogenous bone graft, whose biologic advantage lies in the high capability of osteogenic bone cells, bone matrix proteins, and growth factors suitable for new bone formation. However, an additional donor site is required, resulting in increasing surgical invasion. Furthermore, unpredictable and significant bone resorption was reported in a long-term follow-up 3, 4) . The sustainability of the grafted bone portion is one of the most important factors in esthetics and function. Non-resorbable ceramics such as high crystalline hydroxyapatite (HA) are superior in terms of sustainability of the grafted bone volume; however, these materials have the disadvantage of insufficient mechanical properties 5, 6) .
As a non-degradable three-dimensional scaffold material showing sufficient biological compatibility and mechanical properties, the titanium fiber web (TW) scaffold has been applied to bone regeneration in vivo 7, 8) . Since TW is a porous material made by sintering intertwined thin titanium fibers, its flexibility is useful in the preparation and morphological maintenance of the grafted portion 7) . Several materials have been used to coat the titanium surface to improve osseointegration. In this regard, one of the excellent osteoconductive materials, nanostructured HA, has been used to coat TW surfaces using different techniques, such as with the magnetron, sputtering, plasma-spray methods, and similar physical vapor deposition. Since plasma-spray deposition has some disadvantages such as degradation and fatigue behavior of the coating, its long-term predictability is questionable 9) . Thin RF magnetron sputter coating could not penetrate completely throughout the mesh due to the complex three-dimensional (3-D) structure 10) . Recently, Hayakawa and colleagues developed a thin HA coating technique named the "molecular precursor method" 11) , and a sufficient apatite coating was achieved inside TW. The hydroxyapatite-coated titanium fiber web (HA-TW) using the coating technique showed apatite crystal formation in a human osteoblast culture 12) . In contrast, no crystallization occurred in the non-coated TW. They also evaluated the bone-forming capacity using TW and HA-TW in rat cranial bone defects, with a greater bone regeneration in the HA-TW group 13) . Evaluation of the bone regeneration capacity is desirable in a larger animal. Recently, Freilich and colleagues established an onlay graft model using the rabbit mandible 14) . The newly developed model provided a satisfactory intermembranous bone test-bed for a guided bone regeneration (GBR) system. In order to apply TW to external bone augmentation, the present study evaluated the bone-forming capacity using the rabbit mandible model.
Materials and Methods

TW scaffold
Sintered titanium fiber mesh (Hi-Lex, Kobe, Japan) was processed into a 3-D scaffold structure with a fiber diameter of approximately 20 μm. The external and internal diameters of TW were 8.0 and 3.7 mm, respectively. The thickness of the toroidal web was 3.0 mm and the porosity of the titanium fiber mesh was 87% (Fig. 1 ).
HA-TW scaffold
The TW scaffold was provided with a thin HA coat using the molecular precursor method. 15) The method to prepare the molecular precursor solution was described in detail in a previous study 11) . Briefly, the solution was made by mixing Ca-EDTA/amine ethanol solution and metaphosphate salt, and the Ca/P ratio was adjusted to 1.67 (Fig. 2) . Following ultrasonic cleaning, TW was immersed in the molecular precursor solution for 20 min. After completely drying at 60 for 20 min, TW was heated at 600 for 2 hours using a tubular furnace (EP-KRO-12K, Isuzu Seisakusho, Co., Ltd., Tokyo, Japan) under atmospheric conditions ( Fig. 1 ).
Scanning electron microscope and electron probe microanalysis
The internal structures of identified HA-TW and TW scaffolds were analyzed with a scanning electron micrograph (SEM, JXA-5600LV, JEOL, Tokyo, Japan) using an accelerating voltage of 10 kV.
A HA-TW scaffold was observed by electron probe microanalysis (EPMA, JXA-8900R, JEOL, Tokyo, Japan) to elucidate the presence of HA coating. The sample was embedded in epoxy resin and cut through its middle region using a cutting machine (Finecut HS-100, Heiwa Tech, Tokyo, Japan) to observe the interior surface of HA-TW. Then, the sample was ground down to 1,200 grit, and coated with a thin layer of gold deposition. HA-TW was evaluated by the elementary mapping of Ca and P at an accelerating voltage of 20 kV.
Study design
Six rabbits were assigned randomly to either HA-TW scaffold (test) or TW scaffold (control) on each side of the posterior mandible ( Fig. 3 ). Bone formation was quantified using histomorphometric analysis.
Surgical procedure and postoperative management
The research protocol was approved by the Animal Ethics
Committee at Tsurumi University, School of Dental Medicine (No.11071). Female adult New Zealand white rabbits, weighing 3.5 -4.0 kg, were used in this study. Surgery was performed under general inhalation anesthesia with a 5% isoflurane and oxygen mixture which was reduced to 2 % isoflurane during surgical manipulation. Surgical sites were shaved and disinfected with iodine and ethanol. The animals received 1.8 ml of 2 % lidocaine with 1: 100,000 epinephrine for each surgical site, bilaterally.
Incision was made on the outer skin and the dissection continued through soft tissue using electro surgery, and the periosteum was reflected down to the bone. 14 After preparing a 5-mm-long implant bed, peripheral bone decortication was performed at 4 sites using a round bur to improve the intraosseous vasculature ( Figure 4A ). The 8-mm-long × φ 4.1-mm screw implants (Standard Plus Implant, Straumann, Basel, Switzerland) were fitted into the 3-mm-long toroidal titanium scaffold (Fig. 4B) . The titanium implants consist of a 1.8-mm machined collar and 8.0-mm sandblasted with large grits and acid-etched (SLA) surface. As the implant is rotated, it moves along its axis through the scaffold until the most coronal SLA surface. Then, both TW-and HA-TWfixed implants were placed bilaterally in transverse orientation in the 5-mm-deep defects. Healing abutment with a 4.8-mm diameter was connected with an implant screw channel on the scaffold (Fig.  4C) . Then, all implants and the scaffold system were covered by the three previously reflected soft tissue layers: muscle, subcutaneous tissue, and skin. Each layer was sutured with 4-0 nylon (SOFTRETCH, GC Corporation, Tokyo, Japan). A prophylactic antibiotic (Shiomalin®, Shionogi & Co., Ltd., Osaka, Japan) with Latamoxef Sodium was administered postoperatively by subcutaneous injection.
Histomorphometric and quantitative analysis
Daisuke Ueno et al.: Guided bone regeneration using HA-coated titanium fiber web After 12 weeks, all rabbits were sacrificed by injecting a lethal dose of pentobarbital sodium. Four and two weeks before sacrifice, all rabbits were given a hypodermic injection of the fluorescent markers calcein (10 mg/kg) and alizarin red (30 mg/kg), respectively.
All bone samples containing the implants and adjacent tissues were collected and fixed with 10 % neutral buffered formalin for 1 week, and then dehydrated with a graded series of ethanol. The samples were then embedded in methylmethacrylate. After polymerization, the samples were sliced longitudinally into approximately 70-μm sections using a microcutting and grinding technique (EXAKT-Cutting Grinding System, BS-300CP band system and 400 CS micro grinding system, EXAKT, Norderstedt, Germany) 16) . After fluorescent microscopic observation (BX61, OLYMPUS, Tokyo, Japan), all sections were stained by methylene blue and acid fuchsin. Histological analysis was performed using a light microscope (ECLIPSE Ni, Nikon, Tokyo, Japan) at a magnification of ×1 and ×10. The area of newly formed bone as a percentage of the porous area within HA-TW or TW was calculated as the bone formation rate using an image analysis system (WinROOF, Visual System Division, Mitami Corporation, Tokyo, Japan). The ratio of the vertical bone regeneration in the scaffolds was also calculated as the proportion of newly formed vertical bone against the original thickness of the scaffold. In other words, it could be represented as follows: the distance between the most 
Histomorphometric and quantitative analyses
Bone remodeling was displayed by fluorescent-labeled calcein (green band) and alizarin red (red band). Both lines indicate newly formed bone in the web (Fig. 7) . The green line was surrounded by a red line. Since alizarin was injected 14 days after the injection of calcein, bone formation seems to still be occurring at 12 weeks after implantation.
New bone formation into the porous structure of TW and HA-
Results
Scanning electron microscope and electron probe microanalysis
SEM images show the porous web structures of TW and HA-TW (Fig. 5) . Since the HA coating is very thin, neither scaffold showed any significant differences in porous structures or surface appearances of the fibers. EPMA demonstrated the presence of P and Ca from coated HA in the center of the scaffold, when it was observed after cutting in the mid-region. The P compound was prominently demonstrated, although Ca was also detected but to a lesser degree (Fig. 6 ). 
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TW was observed at 12 weeks post-surgery. New bone formation was more marked in the HA-TW than in the non-coated TW group (Fig. 8) . The newly formed bone rate in the HA-TW was significantly greater than that in the non-coated group (8.33±1.21 vs. 3.43±0.45%, respectively) (Fig. 9) . Furthermore, the rate of vertical bone regeneration was also significantly different between HA-TW and TW (63±15 vs. 33±8%, respectively) (Fig. 10) .
Discussion
The present study demonstrated the application of HA-TW using the molecular precursor method in external bone augmentation, and the results indicated an increase in bone formation at 12 weeks after implantation. Previously, Hirota et al. compared the bone-forming capacity using HA-TW and TW in rat cranial bone defects. The bone formation rate of HA-TW was 10 times greater than that of TW alone 3 weeks after implantation 13) . These results suggest that a thin HA coating of TW can accelerate bone formation not only in internal bone augmentation, but also vertical bone augmentation. It is generally accepted that external bone augmentation is more difficult than internal bone augmentation 17) . Furthermore, Chen et al. stated that the predictability of vertical ridge augmentation is much lower and the complication rate markedly higher than with horizontal ridge augmentation procedures 18) .
Since the contact surface area between the residual bone and graft material is small, particularly in cases which requiring more vertical bone regeneration, it limits the blood supply and cell supply from the residual bone to graft material. Therefore, a better osseoconductive capacity is demanded for graft materials. As for the biological activity of HA coating, previous studies hypothesized the following two mechanisms 19, 20) : increased adsorption of cell adhesion proteins and/or growth factors on HA promotes increased bone cell adhesion and differentiation. In addition, the dissolution of Ca 2+ from the coating forms a supersaturated interface condition, followed by the deposition a mineral layer. The molecular precursor method is a simple technique in which a uniform coating of thin HA on the TW is easily achieved 13, 21) . Previously, a biomimetic process using simulated body fluid was reported 22, 23) . Although this process could deposit an HA layer on a titanium surface, NaOH treatment and a heating process were required before immersion in simulated body fluid. Therefore, it took at least several days to form an HA layer on titanium. In contrast, the molecular precursor method does not require pretreatment of the titanium surface, resulting in a reduction of the preparation time.
Because low-temperature sintering in a short time can induce nano-crystal formation in TW, HA-TW demonstrated rapid osteocalcine expression and calcification at an early stage of culture 12) . Therefore, the HA coating enhanced osteoblast maturation and the functional activity at TW in osteoblast culture, which is comparable to that reported in previous studies 24, 25) . The advantages of TW are sufficient stiffness and elasticity.
Zou et al. reported that the compressive yield strengths of sheaved titanium fiber sheets with a porosity of 53, 67, and 72% were approximately 200, 100, and 60 MPa, respectively 26) . Conversely, the compressive strengths of commercially available bone ceramics with a porosity of 0.93 and 53% were 33.9 and 0.24 MPa, respectively 27) . Although the compression strength is negatively correlated with the total porosity, it is generally accepted that the mechanical properties of TW are superior to those of ceramic bone substitutes. Since sufficient mechanical characteristics are needed for extended alveolar ridge defects 18) , TW is expected to become a candidate for external bone augmentation. Furthermore, since TW can be formed into any shape, it is useful for the improvement of adaptation between the residual bone and graft.
The influence of TW's porosity on bone formation is still unclear. A literature review evaluated the relationship between the porosity and pore size of biomaterials used for bone regeneration 28) . Although they described a minimum pore size of about 100 m due to the cell size, most of the studies focused on polymeric and ceramic materials. Recently, one of our colleagues compared three types of TW with different volumetric porosities, 60, 73 and 87%, and a fiber diameter of 50 m, used in cortical internal bone defects of rabbit tibiae 29) . After 12 weeks of implantation, no distinct differences in the overall cortical bone response to TW were observed in the histological images.
In conclusion, HA coating using the molecular precursor method improved osteogenesis in the externally placed TW in mandiblar cortical bone. Therefore, this material is potentially useful as a non-resorbable scaffold for maxillofacial contour bone augmentation. Further investigations such as additional loading of growth factors and cells are required to achieve better bone augmentation in HA-TW.
